Core-corona effect in hadron collisions and muon production in air
  showers by Baur, Sebastian et al.
The ratio of electromagnetic to hadronic energy in high energy hadron collisions as a
probe for collective effects, and implications for the muon production in cosmic ray
air showers
Sebastian Baur,1, ∗ Hans Dembinski,2 Tanguy Pierog,3 Ralf Ulrich,3 and Klaus Werner4
1Universite´ Libre de Bruxelles, IIHE – CP230, B-1050 Brussels, Belgium
2Max Planck Institute for Nuclear Physics, Heidelberg, Germany
3Institute for Nuclear Physics, Karlsruhe Institute of Technology, Karlsruhe, Germany
4SUBATECH, University of Nantes – IN2P3/CNRS – IMT Atlantique, Nantes, France
(Dated: February 26, 2019)
We present a novel approach to study collective hadronisation in high energy hadron collisions
using calorimetric information over a large range of pseudorapidity in combination with the mul-
tiplicity of central tracks. As an experimental observable, we propose the production of energy in
electromagnetic particles (electrons and photons, including those from decays) versus hadrons, as a
function of pseudorapidity and central charged particle multiplicity. We show that this observable
exhibits features that can be linked to different underlying particle production mechanisms, and the
transition between those. The presented method is able to discriminate between plasma-induced
and microscopic collectivity. At the same time, the observable is also known to be of significant
relevance for the interpretation of cosmic ray air shower data. The fraction of energy in a hadron
collision going into electromagnetic particles has a large impact on the number of muons produced in
air shower cascades. We present possible implications of a modified electromagnetic energy fraction,
which links collective effects in hadron collisions with muon production in air showers.
I. INTRODUCTION
In the early 2000s, “collective effects” have been ob-
served in heavy ion collisions (often referred to as large
systems) at RHIC [1–4]. Similar effects have been pre-
dicted [5–10] for proton-proton collisions (aka small sys-
tems) and were eventually discovered at the LHC [11]
(see [12, 13] for detailed reviews). The underlying mech-
anism responsible for the production of these effects is
expected to produce characteristic observables in the fi-
nal state of hadron collisions. We demonstrate that the
distribution of energy in the final state contained in elec-
tromagnetic versus hadronic particles is a new and pow-
erful tool to study these mechanisms. Different theoret-
ical approaches lead to very different predictions. It is
in particular exciting that the fraction of energy ending
up in electromagnetic particles in hadron collisions is also
one of the crucial parameters driving muon production in
extensive air showers induced by ultra-high energy cos-
mic rays. Air shower cascades are driven by collisions of
hadrons and light nuclei at ultra-high energies. Thus, we
show that the mechanism for collectivity in small systems
is also relevant for a better understanding of the muon
production in air showers.
While the existence of collective effects is confirmed in
both large and small systems, their origin is still unclear.
In large systems the existence of a quark-gluon-plasma
(QGP) is commonly assumed as a phase of parton mat-
ter where confinement is no longer required [14–16]. This
QGP will evolve according to the laws of hydrodynam-
ics and eventually decay statistically. There are various
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expected consequences of such a scenario, such as long-
range two-particle correlations, the so-called “ridge” phe-
nomenon [11, 17], jet quenching [18, 19], or enhanced pro-
duction of strange hadrons [20]. It was initially a surprise
when such effects were also discovered in small systems.
While it was argued that also in central collisions of small
systems the energy densities may be high enough to allow
for the formation of a QGP [5], other recent studies have
shown that collective effects can be achieved by alter-
native mechanisms such as microscopic effects in string
fragmentation [21] or QCD interference [22].
In this work, we present a novel approach to study col-
lective hadronisation in small systems produced in high
energy hadron collisions using energy measurements as a
probe. The results presented here are based on simula-
tions of proton-proton collisions at 13 TeV centre-of-mass
energy. We introduce a new type of measurement at the
LHC to better understand the underlying nature of col-
lective effects. We also show how collectivity can affect
the energy fraction in neutral pions, which we demon-
strate has important possible implications for muon pro-
duction in cosmic ray air showers.
II. DESCRIPTION OF MODELS AND
DEFINITION OF OBSERVABLES
We use epos lhc [23] as the baseline model to test ob-
servables on their sensitivity towards a QGP-like state.
As alternative model, we use pythia8 [24, 25], which
provides entirely different physics concepts for collectiv-
ity. epos lhc is a general purpose event generator widely
used in high energy physics, and in particular for heavy
ion collisions. It includes the description of a QGP-like
behaviour in high energy collisions. pythia8, on the
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2other hand, is the reference model in high energy physics
for proton-proton interactions. Both models generate a
distribution of coloured strings from the collision of a pro-
jectile and a target. Despite a very different underlying
approach for the string generation (pQCD factorisation
for pythia8 and parton-based Gribov-Regge theory [26]
for epos lhc), the string distributions are not very dif-
ferent, because they are strongly constrained by the data
on particle multiplicities. These strings can be hadro-
nised directly in both generators using the Lund string
model [27] in pythia8, or the area law [26] in epos lhc
– both cases are strongly constrained by LEP data. At
low energy (≈10 to 100 GeV) this is sufficient to suc-
cessfully describe proton-proton interactions with good
accuracy. Nevertheless, it turns out that at the LHC ad-
ditional physics mechanisms are needed to describe the
observed particle correlations and abundances in the fi-
nal state. In pythia8, a modified colour reconnection
approach [28, 29] or a “string shoving” mechanism [21]
have been proposed to introduce collective effects such
as a modified hadronisation or particle correlations, sim-
ilar to those obtained from a QGP. In epos lhc, on the
other hand, the same “core”-“corona” approach [30] is
used as originally developed for heavy ion collisions. The
“core” amounts to areas with high string densities, where
strings are assumed to “melt” and produce matter that
expands hydrodynamically and then decays statistically,
whereas the “corona” represents particles from ordinary
string fragmentation, which escape from the dense re-
gions. Whereas in epos3 [31] the hydrodynamic expan-
sion is fully implemented and hadronisation occurs on
some freeze-out hypersurface, in epos lhc this expansion
is mimicked by parameterising the flow at hadronisation.
This has proven to describe various collective observables
well [23]. Simulations of epos lhc are readily available
via the crmc software [32].
We define stable particles as those with a lifetime
cτ > 1 cm, which is consistent with most experimental
detector designs. The energy densities 〈dE/dη〉 are ob-
tained by summing the energy of all final state particles
except for neutrinos in bins of η and averaging over a
large number of collisions. Furthermore, we separate the
energy density into the contribution from electrons and
photons, in the following called electromagnetic energy
Eem, and from hadrons, called hadronic energy Ehad. In
this definition, neutral pions are unstable and hence de-
cay into photons, which contribute to the electromag-
netic component. The ratio of the electromagnetic to
the hadronic energy density R is given by
R(η) =
〈dEem/dη〉
〈dEhad/dη〉 . (1)
In addition, we study R at fixed η as a function of
the charged particle density at central pseudorapidity
dNch/dη|η=0, which is determined as the average mul-
tiplicity within |η| < 0.5.
III. IMPACT OF COLLECTIVE EFFECTS ON
ENERGY DENSITY MEASUREMENTS
In epos lhc, final state particles originate from three
different production mechanisms: standard string frag-
mentation (corona), statistical decay of a fluid (core), and
the decay of the beam remnants. While experimentally
the origin of the production mechanism for a particle can-
not be identified in the final state, individual production
mechanisms can still be studied since they predominantly
contribute to different regions of phase space. This is
demonstrated in Fig. 1 (top), which shows the relative
contribution of these mechanisms to the total energy den-
sity 〈dE/dη〉 for minimum bias proton-proton collisions
at a centre-of-mass energy of 13 TeV. Three regions can
be identified: The energy density at central pseudora-
pidities, |η| < 5, is dominated by particles originating
in the dense core of the interaction, at intermediate ra-
pidities, 5 < |η| < 8, it is dominated by particles from
string fragmentation, and at large rapidities, |η| > 8, by
the fragmentation of beam remnants. Underlying differ-
ences in particle production, therefore, lead to varying
observables as a function of pseudorapidity.
A corresponding effect is also observed as a function
of the central charged particle multiplicity Nch. Final
states with large particle multiplicity are known to be an
effective trigger for pronounced collective hadronisation.
Therefore, at fixed pseudorapidity, the influence of the
core increases as a function of particle multiplicity. This
effect is expected to be most significant at |η| ≈ 0 since
the relative contribution of the core is largest. This is
illustrated in the middle panel of Fig. 1 for η = 0 and
in the bottom panel at η = 6. It can be seen that the
contribution of the core to the energy density at η = 0
becomes dominant for pp collisions with more than ≈ 7
charged particles per unit of pseudorapidity, while at η =
6 this transition is shifted to a larger number.
Using epos lhc we find that the fraction of sec-
ondary pions in the dense core is reduced because many
other more massive hadrons and resonances are pro-
duced. This leads to a lower ratio of the electromag-
netic to hadronic energy density in particles produced
from the core. Accordingly, this effect can be seen in
the pseudorapidity-dependent ratio of the average elec-
tromagnetic to hadronic energy density R shown in Fig. 2
on the right side. At |η| ≈ 0, the energy density is dom-
inated by the core and therefore the ratio is as low as
0.34. As the contribution of the core to the total energy
decreases with increasing pseudorapidity, alsoR increases
and reaches a value of 0.4 at |η| ≈ 7 before it decreases
rapidly due to the very low electromagnetic contribution
in the beam remnants. In comparison, a flat ratio below
|η| ≈ 7 is obtained when collective effects are disabled in
epos lhc.
The ratio of the electromagnetic to hadronic energy
density R at η = 0 is shown as a function of the central
multiplicity dNch/dη|η=0 in the right panel of Fig. 2. It
can be observed that R drops down to values of 0.3 when
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FIG. 1. Fractional contribution of particles originating from
different production mechanisms to the total energy density
dE/dη as predicted by epos lhc. The top figure shows the
contribution as function of |η|; the middle (bottom) figure
shows the contributions at η = 0 (η = 6) as a function of the
charged particle density at η = 0.
collective hadronisation is enabled in epos lhc while it
reaches a constant plateau of 0.4 in the case of disabled
collective hadronisation.
We compare the simulations obtained with epos lhc
also to predictions by pythia8 in the standard minimum
bias configuration as well as with modified QCD based
colour reconnection parameters presented in Ref. [29] and
enabled string shoving mechanisms. For the latter, we
use the example parameters provided within pythia8
version 8.235. We are aware that these settings are un-
tuned and results should be treated with care but first
observations, in particular about the characteristic shape
of the distributions, can be made. It is interesting that
we do not find a visible effect of the string shoving mech-
anism on the ratio of electromagnetic to hadronic energy
compared to the default string fragmentation (see Fig. 2).
This is consistent with the predictions of epos lhc when
collectivity is disabled. These findings can be understood
since in all these cases particle production is driven by
QCD string fragmentation, which is well tuned to LEP
data. Thus, what is found here is a characteristic fea-
ture of string fragmentation. If a microscopic collectiv-
ity model does not modify particle production by string
fragmentation, as it is the case for string shoving, this
has no impact on the observable R. With the modified
colour reconnection, on the other hand, a reduced value
of R is observed within |η| < 7 as well as a more promi-
nent decrease of R at central rapidity as a function of
dNch/dη|η=0. This is due to the enhanced baryon pro-
duction as explained in Ref. [29]. Still, the decrease in R
is not as strong as in epos lhc. More importantly, all
configurations of pythia8 exhibit a flat ratio as a func-
tion of pseudorapidity within |η| < 7. The value of R
is a global feature of the hadronisation and independent
of rapidity. No transition from a collective to a string-
dominated phase as in epos lhc is observed.
epos lhc was released after the first LHC data became
available. At that time, only average values and the evo-
lution of the mean transverse momentum as a function
of the particle multiplicity were known precisely. The in-
crease of multi-strange baryon production with particle
multiplicity was a prediction of the model, but – as shown
in Ref. [20] – was only qualitatively correct. Effectively,
the core is formed in epos lhc only at larger multiplic-
ities than what seems necessary to reproduce the data.
Thus, it is expected that the density needed to produce
the core is currently overestimated.
As a consequence, the observation of variations of the
ratio of electromagnetic to hadronic energies as a func-
tion of pseudorapidity or particle multiplicity is a strong
test of the nature of collective effects in proton-proton
collisions. Different implementations of collective hadro-
nisation, QGP-like or macroscopic, can be distinguished.
The proposed new measurements will also provide new
constraints on the extension of the phase space in which
collective hadronisation occurs, complementary to estab-
lished measurements.
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FIG. 2. The ratio of the average electromagnetic to hadronic energy densities R simulated for proton-proton collisions at 13 TeV
with epos lhc (solid lines) with and without hydrodynamical treatment of the dense core, as well as pythia8 (dashed lines)
in the default configuration, with string shoving and with modified colour reconnection (CR). The left figure shows R (η) as a
function of |η|, the right figure R evaluated at η = 0 as a function of the central charged particle multiplicity dNch/dη|η=0.
IV. IMPACT ON COSMIC RAY INDUCED
EXTENSIVE AIR SHOWERS
Cosmic ray particles reach Earth from galactic and ex-
tragalactic sources with enormous energies and produce
huge particle cascades in the atmosphere. The resulting
extensive air showers are measured with the aim to un-
derstand the astrophysical nature and origin of high en-
ergy cosmic rays. The Pierre Auger Observatory [33, 34]
and the Telescope Array [35] are the largest contem-
porary experiments targeting the most energetic cosmic
rays with energies beyond 1018 eV.
Of particular high interest is the cosmic ray mass com-
position as a function of primary energy, which is ex-
pected to carry a unique imprint of the physics at the
source. The mass composition for showers with a partic-
ular total energy E is inferred from air shower observ-
ables, of which the most important ones are the depth
of the shower maximum Xmax and the number of muons
Nµ [36]. The depth Xmax is the integrated matter den-
sity column that a shower traversed until the maximum
number of charged particles in the shower is reached. The
number of muons is obtained by counting muons when
the shower arrives at the ground. Typically, the muon
counting is limited to a radial range around the shower
axis.
To infer the cosmic ray mass composition from these
observables, accurate predictions from air shower simu-
lations are needed for cosmic rays with energies beyond
1018 eV and masses varying from proton to iron. How-
ever, the Pierre Auger Observatory [37, 38] and the Tele-
scope Array [39] observed that the measured number of
muons in air showers drastically exceeds model predic-
tions at shower energies above 1019 eV. A recent sum-
mary of muon measurements [40] shows that a consistent
muon excess is seen by the majority of cosmic ray experi-
ments over a very wide energy range. This discrepancy is
creating an ambiguity in the interpretation of air shower
observables in terms of a consistent mass composition.
The dominant mechanism for the production of muons
in air showers is via the decay of light charged mesons.
The vast majority of mesons are produced at the end
of the hadron cascade after typically five to ten genera-
tions of hadronic interactions (depending on the energy
and zenith angle of the cosmic ray). The energy car-
ried by neutral pions, however, is directly fed to the
electromagnetic shower component and is not available
for further production of more mesons and subsequently
muons. The energy carried by hadrons which are not
neutral pions is typically able to produce more hadrons
and ultimately muons in following interactions and de-
cays. The ratio of the average electromagnetic to aver-
age hadronic energy R, see Eq. (1), is thus related to the
muon abundance in air showers: if this energy ratio is
smaller (larger), less (more) energy is available for the
production of muons at the end of the hadronic cascade
and ultimately more (less) muons are produced.
The influence of various effective parameters in interac-
tion models on the main air shower observables was inves-
tigated in a previous study [41] using an ad-hoc technique
in which the behaviour of hadronic interaction models
in air shower simulations was modified. In this study,
5the neutral pion fraction c = Npi0/(Npi+ + Npi− + Npi0),
defined as the number of neutral pions divided by the
number of all pions in the collision, was found to have a
strong impact on the muon number in accordance with
the above picture. A second quantity with a strong
impact on the muon number was identified to be the
hadron multiplicity Nmult, the average number of final-
state hadrons produced in an inelastic collision.
The neutral pion fraction c can be related to the energy
ratio R. We computed the conversion using epos lhc
simulations and found that changes of ±10% in R cor-
respond to ±8% change in c, where R is computed by
integrating Eq. (1) over all η. Shown in Fig. 3 is the im-
pact of using ad-hoc modified values for R and Nmult in
air shower simulations at Elab = 10
19 eV using epos lhc
where the values are modified at the LHC energy scale
of
√
sLHC =13 TeV. These modifications are then extrap-
olated according to Ref. [41] with the energy-dependent
factor
F (Elab) =
log10(Elab/1 PeV)
log10(90 PeV/1 PeV)
, (2)
for Elab > 1 PeV and using sLHC/(2mp) = 90 PeV. This
also means that F (1019 eV) is about 2. Lines in Fig. 3
show all possible resulting mean values of Xmax and lnNµ
for any mass composition of cosmic rays between pure
proton (bottom right end) and pure iron (top left end).
The resulting values of Xmax and lnNµ are located
on a straight line because the mean values for both are
linear functions of the mean-logarithmic mass of cosmic
rays [42, 43] given a fixed air shower energy. The line-
shape is universal, but its location, and to a lesser degree
the slope and length, depend on the hadronic interaction
model used in the air shower simulation. All current
hadronic interaction models predict lines, which are too
low compared to experimental data from air showers, as
indicated by the vertical gap between the representative
data point from the Pierre Auger Observatory [37] and
the epos lhc line. This discrepancy is the expression of
the muon problem outlined above.
When Nmult is modified (according to Ref. [41]) the
simulated line shifts parallel to itself: the multiplicity
has a correlated effect on Xmax and lnNµ that cannot
close the gap. However, modifications of R mainly affect
the muon number and leave Xmax unchanged, creating
vertical shifts and tilts of the line in the plot. Thus,
within the assumptions outlined here, we find that a de-
crease of R by 15% at the LHC energy of
√
s = 13 TeV
would be sufficient to make the simulations compatible
with the air shower data at 1019 eV. These results have
been cross-checked with alternate interaction models in
the air shower simulations. There is a very good qualita-
tive agreement in all cases.
The possibility to see the effect of a QGP (or simi-
lar more exotic phenomena) on air shower physics have
already been studied in the literature. Changes in the
muon production because of a change of R under either
extreme or exotic assumptions (which were not yet ob-
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FIG. 3. Impact of changes of the hadron multiplicity Nmult
(dashed lines) and the energy ratio R (dotted lines) in colli-
sions at the LHC energy of
√
s =13 TeV on epos lhc predic-
tions for the air shower observables Xmax and lnNµ (see text)
in 1019 eV air showers. The datum is from the Pierre Auger
Observatory [37]. The model lines represent all values that
can be obtained for any mixture of cosmic nuclei from proton
(bottom right) to iron (top left). The dashed and dotted lines
represent modifications of Nmult and R in steps of 10% from
their nominal values.
served at the LHC) are usually assumed [44–47]. Further-
more, a more realistic approach [48] based on epos lhc
was not able to explain the observed deficiency of muons
in the simulations. The simulated production of a QGP
only in very central, high-density, collisions is not suf-
ficient to significantly change the muon numbers in air
shower simulations. These results show that in the
present model, the QGP production does not cover suffi-
cient phase space to change the muon production in air
showers. Data such as [20] and future measurements of
R, as proposed in this work, can, however, further con-
strain the energy density required to produce a collective
hadronisation in small systems. More decisive informa-
tion can be obtained whether or not the phase space for
the formation of a QGP is potentially significantly larger,
and also extends towards larger rapidities, to decrease R
sufficiently to impact the muon number in air showers.
In any case, corresponding precision measurements of
R to 5% at the LHC seem feasible and could contribute
significantly to a better understanding of muon produc-
tion in air showers [49].
V. SUMMARY
We have demonstrated a new approach to characterise
collectivity in hadron collision using the ratio of final
6state energy in electromagnetic versus hadronic particles,
R, as a function of pseudorapidity η or central charged
particle multiplicity Nch. This can be measured, e.g.
at the LHC, typically with calorimeters. We show that
when this observable is analysed, it can reveal the nature
of underlying fundamental particle production mecha-
nisms. In particular, we show that it provides a new han-
dle to characterise mechanisms proposed for the expla-
nation of collective hadronisation in proton-proton colli-
sions. We can distinguish between quark-gluon-plasma-
like (QGP-like) effects, as first known from heavy-ion col-
lisions, from alternative more microscopic effects that do
not require the formation of a QGP, see e.g. Ref. [21, 29].
Dedicated measurements at the LHC have now another
opportunity to study collectivity in proton-proton colli-
sion using this new observable. This will contribute to a
better understanding of the mechanisms of hadronisation
in hadron collisions, and collectivity in proton-proton col-
lisions.
It is also shown that the ratio of electromagnetic to
hadronic energy R can be related to the neutral pion frac-
tion c = Npi0/(Npi+ +Npi−+Npi0) and then be interpreted
in the framework provided by Ref. [41]. This illustrates
that measuring R at the LHC potentially has a signif-
icant impact on resolving the current mystery of muon
production in cosmic ray induced extensive air showers.
Thus, at last, one aspect to resolve the cosmic ray muon
mystery is a better understanding of collective effects in
small collision systems.
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